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A unique (2,1-b)-indenofluorenyl core flanked with two spirofluorene
units, possessing a high triplet energy value and excellent thermal/
morphological stability, is reported.
Phenylene derivatives constitute an important class of molecules,
which have been widely studied in the last decade due to their
potential applications in organic electronics.1Of particular interest
in oligophenylene chemistry and physics is the (1,2-b)-indeno-
ﬂuorenyl core, which is nowadays an important building block
for blue ﬂuorescent organic light emitting diodes (OLEDs),1–7
organic ﬁeld eﬀect transistors,8,9 organic solar cells,10 and for
green phosphorescent OLEDs (PhOLEDs).11 More recently the
(2,1-a)-indenoﬂuorenyl core, a positional isomer of the (1,2-b)-
indenoﬂuorenyl core, has also been investigated for potential
organic electronics applications12–15 and has emerged as an
appealing scaﬀold for the modulation of optical properties of
dispiroﬂuorene-indenoﬂuorene derivatives.13–15 Due to the
importance of the (1,2-b)- and (2,1-a)-indenoﬂuorenyl cores
in organic electronics, it hence appears of great interest to design
other indenoﬂuorene isomers, which might be used in opto-
electronics. For example, the design of organic host materials
for blue phosphorescent emitters possessing a very high triplet
energy value (ET4 2.7 eV)
16,17 represents a highly challenging
task for the future of organic electronics. Of particular interest
for this technology are pure hydrocarbon derivatives, which
have been very rarely used as host materials for blue PhOLED
applications due to the diﬃculty in achieving high ET, keeping
intact the other physical properties (good carrier transporting,
thermal and morphological properties).18–20 There is indeed a
trade-oﬀ between increasing the HOMO–LUMO gap of a
pure hydrocarbon molecule to increase the singlet and triplet
level energy values and decreasing the conjugation length of the
p-aromatic backbone, which may adversely aﬀect the thermal
and morphological stability. In our quest for robust pure
hydrocarbon derivatives with very high ET, we report herein a
unique molecular design based on a meta-substituted terphenylene
core, namely (2,1-b)-indenoﬂuorene, ﬂanked with two spiro-
ﬂuorene units ((2,1-b)-DSF(t-Bu)4-IF 1, Fig. 1). This molecular
design should in principle lead to high ET due to the (2,1-b)-
indenoﬂuorenyl core, keeping however excellent morphological
and thermal properties thanks to the two spiroﬂuorene units.21
This work is to the best of our knowledge the ﬁrst example of a
(2,1-b)-indenoﬂuorenyl core and one of the highest ET ever
reported for pure hydrocarbon derivatives of interest for organic
electronics.18–20,22
Geometry optimization of 1 and 2 in the singlet and triplet
states was performed using density functional theory at the
Gaussian03 B3LYP/6-31G* level, followed by a single point
calculation on the optimized structures using B3LYP/
6-311+G**. The calculated energies of the frontier molecular
orbitals (and the corresponding HOMO–LUMO gap) are,
respectively, 5.61 and 1.32 eV (DE = 4.29 eV) for 1 and
5.59 and 1.52 eV (DE= 4.07 eV) for 2. The computed triplet
adiabatic S0 to T1 excitation energy,
23,24 deﬁned as the energy
diﬀerence between the highest occupied molecular orbitals in the
relaxed geometry of the molecules in their singlet and triplet
states, is 2.69 eV for 1 and 2.53 eV for 2. Thus, 1 is expected to
have higher ET than that of its related positional isomer 2.
The ﬁrst step of our synthetic investigations (Scheme 1)
towards the synthesis of 1 was to protect the amino group of
the starting material, 1-bromoaniline, with a tert-butylcarbamoyl
(Boc) group. The use of the non-nucleophilic strong base sodium
hexamethyldisilazane (NaHMDS) prior to the addition of the
di-tert-butyldicarbonate (Boc2O) gave the corresponding
tert-butyl-carbamoylated derivative 3. Reaction of 3 with 1,3-
phenylenebisboronic acid under Suzuky–Miyaura cross-coupling
conditions using [PdIICl2(dppf)]CH2Cl2 as the catalyst led to the
terphenyl 4 in high yield (87%). Deprotection of the amino
Fig. 1 (2,1-b)-DSF(t-Bu)4-IF 1 and its positional isomer (1,2-b)-
DSF(t-Bu)4-IF 2.
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groups was then performed under acidic conditions and the
diamino derivative 5 was quantitatively obtained. Using a 10-fold
excess of KI as described by Holmes and co-workers,25 key
compound 6 was ﬁnally obtained through a Sandmeyer reaction
in 53% yield. Lithium–iodine exchange of 6 with n-butyllithium
followed by the addition of 2,7-tert-butyl-ﬂuoren-9-one26 aﬀorded
the corresponding diﬂuorenol 7 (20%), which was further cyclized
through an intramolecular electrophilic bicyclization reaction to
aﬀord the target (2,1-b)-DSF(t-Bu)4-IF 1 with the (2,1-b)-indeno-
ﬂuorenyl core. We note that compound 6 reported herein widens
the scope of diiodinated terphenyl isomers as key building blocks
for the synthesis of spiro derivatives for organics electronics.21,27
The structure of 1 has been conﬁrmed by X-ray diﬀraction on
single crystals obtained by slow diﬀusion of pentane in a THF
solution (Fig. 2).z The (2,1-b)-indenoﬂuorenyl core has a max-
imum length of 10.7 A˚, shorter than their positional isomers (1,2-b)-
or (2,1-a)-indenoﬂuorenyl cores (respectively 11.1 A˚ and 10.8 A˚).26
This contraction of the (2,1-b)-indenoﬂuorenyl core is
caused by its ‘‘crescent moon’’ shape due to the meta-linkages
of the constituting phenylene rings. The (2,1-b)-indenoﬂuorenyl
core is almost ﬂat with dihedral angles between the plane of the
central phenyl ring and those of the side rings of ca. 3.91 and 0.71.
In addition, the distance between the two spiro carbons is
ca. 5.2 A˚ and the two ﬂuorenyl units display an eclipsed
conformation. These two features clearly indicate that the
two face-to-face ﬂuorene units are too far from one another
to allow intramolecular p-stacking interactions.y
The electrochemical oxidation of 1, investigated by cyclic
voltammetry and diﬀerential pulse voltammetry, consists of
two successive isoelectronic reversible oxidations with maxima
at 1.44 and 1.62 V, respectively, followed by a third multi-
electronic oxidation at 1.94 V (see ESIw). Multiple scans includ-
ing the three waves lead to the deposition of an insoluble
electroactive ﬁlm on the electrode surface due to anodic poly-
merization processes.6 From the onset oxidation potential,28 we
determined the HOMO level of 1 lying at 5.73 eV, slightly
below that of its isomer 2 (HOMO: 5.61 eV).26 As the cyclic
voltammetries recorded in the cathodic range do not show any
well-deﬁned reduction wave allowing an accurate electrochemical
band gap measurement (see ESIw), the LUMO of 1 (2.19 eV)
was determined from the optical band gap and the HOMO level.
The UV-Vis absorption spectrum of 1 in methylcyclohexane/
2-methylpentane 1 : 1 exhibits ﬁve characteristic absorption
bands (302, 314, 327, 334, 342 nm), very similar to those
previously observed for its positional isomer 2 with however, a
slight blue shift (3 nm) between the two maxima (342 nm for 1 vs.
345 nm for 2), Fig. 3. The optical band gaps of 1 and 2 are,
respectively, 3.55 eV and 3.52 eV. The slight band gap contraction
observed in 2 coupled to its higher HOMO level (vide supra)
suggests a better delocalization of p-electrons in 2 compared to
1. Similarly, the ﬂuorescence spectrum of 1 (Fig. 3a), with a
maximum recorded at 343 nm, is also blue-shifted compared
to 2 (lmax = 346 nm, Fig. 3b). The ﬂuorescence spectral shape
of 1 is the mirror image of its absorption spectrum and the
Stokes shift is almost negligible, indicating very little rearrange-
ments in the excited state and hence a highly rigid structure.
The ﬂuorescence quantum yield of 1 was measured to be 0.51
and a ﬂuorescence lifetime of 3.85 ns (in THF) was determined,
showing that 1 is a very eﬃcient blue-violet ﬂuorescent emitter.
At 77 K, in a frozen methylcyclohexane/2-methylpentane 1 : 1
glassy matrix, the phosphorescence spectra of both isomers were
recorded: lmax= 448 and 482 nm for 1 and lmax= 490 and 532
nm for 2. Deactivation of the triplet state of compounds 1 and 2
is very slow under these experimental conditions: the phosphor-
escence decay was measured and the lifetime of the T1 state of 1
(resp. 2) was found to be 4.8 s (resp. 2.9 s), in accordance with
data reported for closely related compounds.29 The corres-
ponding ET values of 1 and 2 obtained by the highest-energy
Scheme 1 Synthesis of 1: (a) 1. NaHMDS, THF, rt; 2. Boc2O; (76%) (b) 1,3-C6H4(B(OH)2)2, [Pd
IICl2(dppf)]CH2Cl2, Na2CO3, DMF/H2O, 90 1C
(87%); (c) TFA, CH2Cl2, 0 1C- rt (99%); (d) 1. NaNO2, H2O/HCl, 0 1C; 2. KI/H2O, 0 1C- 60 1C (53%). (e) 1. n-BuLi/THF,78 1C 2. 2,7-tert-
butyl-ﬂuoren-9-one, 78 1C- rt (20%); (f) BF3OEt2/CH2Cl2, rt (85%).
Fig. 2 ORTEP drawing of 1 (ellipsoid probability at 50% level,
hydrogen atoms have been omitted for clarity).
Fig. 3 Absorption (dotted line) and ﬂuorescence emission (solid line,
lexc = 330 nm) spectra of 1 (a) and 2 (b) in methylcyclohexane/
2-methylpentane 1 : 1 at rt. Insets: phosphorescence spectra at 77 K.
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phosphorescent peak were thus, respectively, estimated at ca.
2.76 eV and 2.52 eV. The meta-substituted terphenyl backbone
found in 1 leads hence to a remarkable increase of the ET value
compared to the para-substituted terphenyl backbone found in 2.
Thus, the ET value of 2 appears to be higher than the ET value of
Ir(ppy)3 (ET = 2.42 eV),
16 an eﬃcient green phosphorescent
emitter, and the ET value of 1 appears to be higher than the ET
value of FIrpic (ET = 2.64 eV),
16 an eﬃcient blue phosphore-
scent emitter.
Finally, the morphology of vacuum deposited thin-ﬁlms of 1
on quartz slides has been studied by atomic force microscopy
in acoustic mode (AC-AFM) in order to evaluate the eﬀect of
temperature and ambient atmosphere on the thin-ﬁlm structure.
The surface has been exposed to air under thermal stress
conditions from room temperature to 200 1C (Fig. 4 and
ﬁgures in ESIw). The non-heated ﬁlm surface presents a regular
and smooth morphology (Fig. 4a). The surface roughness (Ra)
of the ﬁlm appears to be very low, around 0.7 nm, and is kept
almost unchanged until 130 1C (Fig. 4b), highlighting the very
good quality of the ﬁlm surface and the high stability of 1
upon heating. At 160 1C, the surface morphology became
however rough with Ra estimated around 18 nm, likely caused
by degradation and/or crystallization of the material
(Fig. 4c).30–32 1 presents hence an excellent morphological
stability under very harsh conditions and this stability up to
130 1C under an ambient atmosphere is a key point before any
possible OLED applications. Thermogravimetric analysis
(see ESIw) conﬁrms the excellent thermal stability of 1 with a
decomposition temperature21 Td of 387 1C, even higher than
that of its isomer 2 (Td = 350 1C).
26
To summarize, we have designed and synthesized through
an eﬃcient synthetic approach (2,1-b)-DSF(t-Bu)4-IF 1
containing the novel (2,1-b)-indenoﬂuorenyl spirolinked to
two ﬂuorenyl units. This simple molecular concept allows us
to combine within a single pure hydrocarbon molecule a high
ET with a very long phosphorescence lifetime and excellent
thermal and morphological stability. This work is the ﬁrst
example of a (2,1-b)-indenoﬂuorenyl core and one of the
highest ET ever reported for a morphologically stable pure
hydrocarbon derivative of interest for organic electronics.
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for a studentship (DT).
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